ABSTRACT. Valinomycin is a potassium ionophore, and is well knownto cause the collapse of the mitochondrial membrane potential. It has been reported that loss of mitochondrial membrane potential is observed in the early stages of apoptosis induced by various agents. Thus, the effects of valinomycin on tumor cells were examined. Valinomycin induced uncoupling of respiration and depolarization of isolated mitochondria. Depolarization of intact mitochondria in AH-130rat ascites hepatoma cells was also induced by valinomycin. Valinomycin induced apoptosis revealing the typical apoptotic characteristics such as fragmentation and ladder formation of DNA,shrinkage of cells, and formation of pycnotic nucleus. There was a correlation between the depolarization of mitochondria and DNAfragmentation. After depolarization of mitochondria, the activity of caspase-3-like protease but not caspase-1-like protease increased markedly. In contrast, this apoptosis did not involve the release of reactive oxygen species from mitochondria, increase in intracellular calcium concentration, or protein synthesis. In addition, anti-apoptotic members of the Bcl-2 family (Bcl-xL and Bcl-2) were not correlated with apoptosis. These results indicate that valinomycin might induce apoptosis through degradation of the mitochondrial membranepotential. Taken together, these observations suggest that there maybe a mechanismthat transmits the signal from mitochondrial depolarization to subsequent apoptosis execution steps.
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The removal of surplus cells plays an important role in both cellular development and homeostasis. The elimination of such cells is accomplished by apoptosis, a well-defined mode of cell death with distinct biological and morphological features. Misregulation of apoptosis results in various diseases. Apoptosis is regulated by a number of genes, with the bcl-2 gene family encoding several apoptosis-related proteins. Changes in mitochondrial function have been shownto be involved in apoptotic cell death. The mitochondrial membrane potential, which is the driving force of mitochondrial ATP synthesis, decreases during apoptosis, while the maintenance of the membranepotential prevents the apoptosis induced by various stimuli (6, 17, 18, 22, 25, 26, 30) . Recently, Shimizu et al. reported that Bcl-2 and Bcl-xL protected mitochondria against the loss of membrane potential during apoptosis and certain forms of necrotic cell death (25). Bcl-2 and Bcl-xL proteins have been to several intracellular membranesincluding those of mitochondria, the endoplasmic reticulum, and the nuclear membrane (2, 4, 9) . In certain cells, however, apoptosis was inhibited by Bcl-2 localized in the mitochondria but not in the endoplasmic reticulum (31).
These observations indirectly implicate the involvement of mitochondrial function in the mechanismof apoptosis. On the other hand, it has been reported that the loss of mitochondrial membrane potential is not related to apoptosis induced by certain stimuli (8). Thus, the molecular mechanismof the involvement of mitochondria in apoptotic cell death is not well understood.
To determine whether mitochondrial dysfunction is a critical event in the apoptotic cascade, it is important to investigate the mechanisms of apoptosis induced by various agents that collapse the mitochondrial membrane potential. Recently, Marchetti et al. reported that thymocyte apoptosis was induced by addition of protoporphyrin IX to the mediumwhich disrupted mitochondrial membranepotential via interaction with mitochondri-1 To whomcorrespondence should be addressed. DNAfragmentation {%) = { fragmented DNA/(fragmented DNA +intact DNA)} x 100.
Measurementof mitochondrial membranepotential in cells. Rhodamine 123 was loaded into the cells by incubation in medium containing 10^M rhodamine 123 for 30 minutes. Cells were washed three times with KRPbuffer by centrifugation. Content of rhodamine 123 was measured after dissolution of cells by addition of 0. \% Triton X-100. Fluorospectrometry (Hitachi 650-10LC) was performed at excitation and emission wavelengths of 485 nmand 520 nm, respectively. Western blotting. The tumor cells were washed with PBS twice, and dissolved in lysis buffer B (0.1% SDS, \% Nonidet P-40, 0.5% sodium deoxycholate, and 1 mMphenylmethylsulfonyl fluoride). The cell lysate was separated by SDS-PAGE using 10 or 12.5% acrylamide gels and transferred to PVDF membranes. After blocking with 5% skimmed milk overnight, the membranes were incubated with anti-Bcl-xL, or -Bcl-2 antibody. The blots were then, hybridized with secondary antibody conjugated with horseradish peroxidase. Specific bands for Bcl-xL and Bcl-2 were visualized with an enhanced chemiluminescence detection system. Hydrogen peroxide measurement. Hydrogen peroxide release by mitochondria was measured fluorometricaHy by monitoring the oxidation of /7-hydroxyphenylacetic acid coupled with the enzymatic reduction of hydrogen peroxide using horseradish peroxidase (1 1). The reaction mixture consisted of 0. 15 mg protein/ml rat liver mitochondria, 0.5 mg/mlp-hydroxyphenylacetic acid, 4 U/ml horseradish peroxidase, and 7.5 mMsodium succinate in respiratory medium. The oxidation of/7-hydroxyphenylacetic acid was measured at an excitation wavelength of 320 nmand emission wavelength of 400 nm. Standard curves were prepared from authentic hydrogen Measurement ofcaspasefamily activity. Tumor cells incubated in the presence or absence of valinomycin were collected by centrifugation and the pellets were resuspended in lysis buffer C (50mM Tris-HCl, pH 7.5, 0.5% Nonidet P-40, 0.5 mMEDTA, and 150mMNaCl) (24). The suspensions were then, kept on ice for 1 hour and centrifuged at 15,000 rpm for 10 minutes. Soluble fractions were diluted with reaction buffer (20mM HEPES, pH7.5, 0.1 M NaCl, and 5mM dithiothreitol) and incubated with fluorogenic peptide substrates
specific for caspase-1 or DEVD-MCA specific for caspase-3) at a final concentration of 10 //M for 1 hour at 37°C. An equal volume of stop solution (0.2M glycine-HCl, pH2.8) was added to samples. The fluorescence of released AMC(7-amino-4-methyl-coumarin) was measured at an excitation wavelength of 355 nm and emission wavelength of 460nm. One unit was denned as the enzyme activity that liberated 1 //mole of AMCduring 1 hour.
RESULTS
Effects of valinomycin on the membranepotential and respiration of rat liver mitochondria. Isolated intact mitochondria showedslow oxygen consumption in the presence of sodiumsuccinate as a respiratory substrate (state 4 respiration). Mitochondria generated an electrochemical proton gradient across the inner membrane by substrate oxidation. The gradient formed a membrane potential and drove ATPsynthesis. In the presence of both substrate and ADP,ATPsynthesis was coupled with substrate oxidation (state 3 respiration), revealing accelerated oxygen consumption (Fig.   1A ). Whenvalinomycin, a potassium ionophore, was added to mitochondrial suspensions, the membranepotential decreased (Fig. IB) , and respiration was uncoupled, resulting in an increased oxygen consumption (Fig. 1A) . Respiratory control ratio of mitochondria was more than 3.9 in all experiments with sodium succinate (7).
Apoptosis of AH-130 cells induced by valinomycin.
WhenAH-130 cells were incubated with 100 nMvalinomycin, DNAfragmentation and ladder formation were induced within 16 hours. Appearance of these characteristics preceded loss of membraneintegrity as assessed by the trypan blue dye exclusion method (Fig. 2) . These effects were observed in AH-130cells treated with over 1 nMvalinomycin. (5)). The membrane potential was monitored by changes in fluorescence intensity of diS-C3-(5) by a fluorospectrometer using an excitation wavelength of 622 nmand emission wavelength of 670 nm. Mitochondria were suspended in respiratory medium at 0.1 mg protein/ml. treated with valinomycin. To assess the changes in mitochondrial membrane potential in intact cells, fluorescence intensity of rhodamine 123 was measured. Rhodamine 123 taken up into the mitochondria of intact cells reflects differences in the magnitude of mitochondrial membrane potential (13). Relatively high concentrations of valinomycin (100 nM) decreased mitochondrial membranepotential rapidly, and resulted in more than 45% DNAfragmentation within 24 hours (Fig.   3A) . With a lower concentration of valinomycin (1 nM), the decrease in mitochondrial membrane potential was weak, and DNAfragmentation was less than 20% (Fig. 3B) . These results indicated a weak correlation between the loss of membranepotential and the extent of DNAfragmentation in AH-1 30 cells treated with valinomycin (1-1,000 nM) (Fig. 4) . Protein synthesis and changes in level of Bcl-xL expression in apoptosis. Weexamined the effects of cycloheximide on valinomycin-induced apoptosis of AH-130 cells. The degree of DNAfragmentation was not affected by cycloheximide (Fig. 5A) indicating that protein synthesis was not required in the process of valinomycin-induced apoptosis.
The levels of Bcl-xL and Bcl-2 expression in AH-130 cells were assessed by western blotting. The expression of Bcl-xL but not of Bcl-2 was detected in nontreated AH-130cells. The cells treated with 100 nMvalinomycin showed a significant four fold increase in the level of Bcl-xL (Fig. 5B) . Taken together, these suggest that such apoptosis occurred independently of both the increase in expression of pro-apoptotic membersof the Bcl-2 protein family and decreases in that of anti-apoptotic members.
Noinvolvement of reactive oxygen species and intracellular calcium concentration. Release of hydrogen peroxide from mitochondria was measured, because superoxide is converted to hydrogen peroxide by dismutation in the mitochondrial matrix. Valinomycin at 1 nM inhibited the hydrogen peroxide generation by isolated mitochondria in the presence of 7.5 mMsodium succinate as the respiratory substrate (Table I) , This concentration of valinomycin (1 nM) was sufficient to cause the depolarization and uncoupling of respiration in isolated mitochondria (Fig. 1) .
To investigate the effects of cytoplasmic calcium on apoptosis of AH-130 cells, a cytoplasmic calcium chelator (BAPTA-AM) was loaded into the cells before the addition of 100 nMvalinomycin. Consequently, DNAfragmentation was not suppressed by BAPTA-AM (Fig. 6 ). In addition, intracellular calcium ion concentration, monitored by the fluorescence dye method, was increased slightly by 100 nM valinomycin (data not (ICE) and caspase-3 (CPP32) were added in medium before addition of 100 nM valinomycin. Only the inhibitor of caspase-3 suppressed DNAfragmentation in a concentration-dependent manner (IC5O= IS ptM) (Fig.   7 ). The activities of proteases were examined using fluorogenic substrates specific for each protease. In control cells, activities of both proteases were very low. While the activity of caspase-1-like protease did not change, caspase-3-like protease was activated markedly by 100 nM valinomycin prior to DNAfragmentation (Fig. 8) .
Maximum activation of caspase-3-like protease was observed at 16 hours after addition of valinomycin, and the activity was 9.83 mU/105 cells. These results indicated that the activation of caspase-3-like protease was required for apoptosis.
DISCUSSION
Recently accumulated evidence has revealed the involvement of mitochondrial function in apoptosis. In particular, a numberof studies have shownthat loss of mitochondrial membrane potential occurs in the early stages of apoptosis in various systems (17, 22, 25, 26) . Therefore, we investigated the apoptosis induced by an agent that decreases mitochondrial membrane potential. Valinomycin, a potassium ionophore, has been shownto cause depolarization and uncoupling of respiration in mitochondria by increasing the membraneper- The indicated concentrations of cycloheximide and 100 nMvalinomycin were added simultaneously, and AH-130cells were incubated with these agents for the indicated periods. Other experimental conditions were the same as described in Fig. 2 . CHX,cycloheximide. B. Western blotting analysis of Bcl-xL during apoptosis induced by valinomycin. AH-130 cells were treated with 100 nM valinomycin for the indicated periods. The proteins of whole-cell lysates were separated by SDS-PAGEand specific bands were visualized by western blotting. Specific bands were visualized using monoclonal antibody (upper). Relative expression of Bcl-xL is represented as relative intensity of each band (lower).
meability to potassium ions. Valinomycin-induced depolarization of the mitochondrial membrane was also demonstrated in intact cells using rhodamine 123 taken up into mitochondria (13). Valinomycin-induced apoptosis of AH-130cells showed typical characteristics of apoptosis such as DNAfragmentation, DNAladder formation, cell shrinkage, and unclear pycnosis. To examine whether the loss of mitochondrial membrane potential is related to apoptosis, wemeasured the mitochondrial membrane potential and DNAfragmentation using various concentrations of valinomycin (ll,000 nM). There was a correlation between the extent of mitochondrial depolarization and DNAfragmentation. This correlation is considered to imply a direct role for mitochondrial depolarization in apoptosis. On the other hand, apoptosis induced by 100 nMvalinomycin was not due to an increase in cytoplasmic calcium concentration. It has been reported that Bcl-2 was down-regulated during various modes of apoptosis (1, 19, 21, 28) , and that overexpression of Bcl-2 and Bcl-xL protected cells from apoptosis by maintenance of mitochondrial membrane potential (6, 17, 25) . These reports suggested that Bcl-2 and Bcl-xL could control apoptosis by regulation of mitochondrial membrane potential. Therefore, in the present study the changes in contents of Bcl-2 and Bcl-xL during apoptosis were measured. AH-130cells showed expression of Bcl-xL but not Bcl-2, and 100 nM valinomycin increased Bcl-xL level by approximately 4-fold for 24 hours (Fig. 3B ). Since valinomycin decreases the mitochondrial membranepotential, it could induce apoptosis without Bcl-xL down-regulation. In addition, an inhibitor of protein synthesis failed to prevent valinomycin-induced DNAfragmentation. Thus, this apoptosis would not require either the increase in expression of pro-apoptotic members of the Bcl-2 protein family or decreases in that of anti-apoptotic members.
The relation between reactive oxygen species (ROS) and apoptosis has been discussed in various systems. In particular, PT pore formation and apoptosis are consid- 0  5  10  15  20  0  5  10  15  20  0  5  10  15  20 TIME (hr) TIME (hr) TIME (hr) Fig. 8 . Activation of caspase-3-like protease after treatment with valinomycin. A. Activity of caspase-1-like protease. AH-130cells were cultured with 100 nMvalinomycin for the indicated periods. The cells were dissolved in lysis buffer C. The cell lysate was reacted with fluorogenic substrate specific to caspase-1 at 37°C for 1 hour. Released AMCwas measured fluorometrically at an excitation wavelength of 355 nmand emission wavelength of460 nm. One unit was defined as the enzyme activity that liberated 1 fimol ofAMCin 1 hour. B. Activity of caspase-3-like protease. Experimental conditions were the same as in A except specificity of substrate. C. DNAfragmentation induced by 100 nM valinomycin. Experimental conditions were the same as described in Fig. 2 . ered as defense systems preventing ROSformation (26). However,1 nMvalinomycin caused the depolarization and uncoupling of respiration in isolated mitochondria and inhibited the generation of hydrogen peroxide of isolated mitochondria in the presence of respiratory substrate. Therefore, it is considered that ROSgeneration is not an important factor in this apoptosis. The protease encoded by C. elegans ced-3 and its mammalian homologues represented by the caspase family appear to play key roles in apoptosis. Although our results suggest that the activation of caspase-3-like protease is a pivotal step in apoptosis induced by valinomycin, the mechanism linking the loss of mitochondrial membrane potential to caspase activation is unclear. Igbavboa et al. reported that the PT in isolated mitochondria allowed slow release of matrix proteins (12), and these proteins might mediate between the loss of mitochondrial membrane potential and subsequent phenomenain apoptosis. In fact, recently it was reported that an apoptosis-inducing factor (AIF) in the mitochondrial intermembranespace is released into the cytoplasm during the collapse of mitochondrial membrane potential and causes nuclear apoptosis immediately in a cell-free system (22, 26, 27) . However, since AIF was inhibited by inhibitors of caspase-1 not caspase-3, it seems unlikely that AIF contributes to apoptosis induced by valinomycin.
In addition, it has also been reported that cytochrome c leaks out from the mitochondrial intermembrane space (15, 16) and activates caspase-3 immediately (14, 29). Although our results indicate the involvement of caspase-3-like protease, it was reported that the release of cytochromec wasnot related to mitochondrial depolarization (14, 29) . Thus, the loss of mitochondrial membrane potential might function in induction of apoptosis through depletion of ATP(5, 23). Since mitochondrial membrane potential is the driving force of ATP synthesis, mitochondrial depolarization induces the depletion of ATPcontent (data not shown).
Alternatively, an unknownprotein factor(s) released from mitochondria by valinomycin-induced mitochondrial depolarization might connect the apoptotic signal with the following steps including caspase-3-like protease activation.
In conclusion, our results suggest that valinomycin induces apoptosis of AH-130 cells (rat ascites hepatoma cells) dependent on the collapse of mitochondrial membranepotential at low concentration (1-1,000 nM). This apoptosis does not require changes in expression of members of the Bcl-2 family, elevation of intracellular calcium ion concentration, or ROSgeneration. Alternatively, the activation of caspase-3-like protease might be a critical step in this apoptotic mechanism. It is considered that the mitochondrial membranepotential may regulate some actions leading to apoptosis by releasing protein(s) from the mitochondrial intermembrane space or decreasing ATPcontent. Further investigations are necessary to determine the actions that associate mitochondrial function with activation of caspase-3-like protease.
